Abstract Paleomagnetic studies of dyke swarms from the Variscan belt of Europe can be used to reconstruct internal postorogenic rotations within the fold belt. Here we present paleomagnetic data from 13 late Variscan dykes from Sardinia ranging in age from 298 6 5 to 270 6 10 Ma. The dykes can be grouped on the basis of their different directions in strike in a northern, a central-eastern and a south-eastern province. Paleomagnetic component directions have been obtained using thermal and alternating field demagnetization techniques, which give reproducible results. The paleomagnetic mean directions differ significantly between northern Sardinia and south-eastern and central-eastern Sardinia, the latter two regions yielding statistically similar paleomagnetic mean directions. These results indicate that Sardinia fragmented into two, arguably three, crustal blocks after emplacement of the dykes, which experienced differential relative rotations, as is also indicated by the differences in overall strike directions. The determination of timing, sense, and magnitude of these rotations has major implications for the reconstruction of the geodynamic evolution of the region in post-Carboniferous times. We argue that the observed block rotations occurred during the Permian as the result of post-Variscan intra-Pangea mobility possibly related to the transformation of an Early Permian Pangea B to a Late Permian Pangea A.
Introduction
It has been previously observed that the use of paleomagnetic data to reconstruct Pangea A (Wegenerian Pangea) in the Early Permian results in a significant continental overlap of Laurasia and Gondwana, and that one of the options to overcome this problem is to choose an alternative configuration known as Pangea B, characterized by the southern continents of Gondwana located further to the East with respect to Laurasia [Irving, 1977; Morel and Irving, 1981; Muttoni et al., 2003; see Aubele et al. [2012] and Domeier et al. [2012] for a discussion of the Pangea controversy). However, since there is no reason to doubt that the opening of the Atlantic Ocean and the dispersal of Pangea started from a Pangea A configuration, a large dextral megashear zone between Laurasia and Gondwana becomes a necessary feature for the transformation from a postulated Pangea B to a widely accepted Pangea A configuration (Figure 1 ). Based on a variety of geological evidence [e.g., Arthaud and Matte, 1977; Burg et al., 1994; Stampfli, 2001; Casini et al., 2012] , this tectonic zone, if real, is expected to lie within the Mediterranean realm in southern Europe and/or northern Africa.
According to Irving [1977] , transform motion involved 3000 km of diffuse dextral shear. Muttoni et al. [2003] constrain the timing of transform motion to a 20 Ma interval during mid-Permian times, requiring an average relative plate velocity of 15 cm/yr. The driving force couple for the dextral motion of Gondwana relative to Laurasia was provided by (i) Neotethyan rifting along the eastern margin of Gondwana and (ii) the subduction of Panthalassan oceanic crust underneath the western margin of Gondwana. The existence of the postulated Pangea megashear system is therefore intimately coupled with important geodynamic processes during the Permian.
It has been postulated earlier that the tectonic inventory of relatively small crustal blocks including SE France, Corsica, and Sardinia could represent the remnants of a diffuse dextral plate boundary between Laurasia and Gondwana [Aubele et al., 2012] . Such crustal blocks caught within shear zones may exhibit differential vertical axis rotations, which can be quantified using paleomagnetic techniques as described in this study.
The late Variscan Corsica-Sardinia Batholith is cut from north to south by an impressive dyke swarm; several dykes also cut the Variscan metamorphic basement as well as nonmetamorphic Permian volcanic rocks [e.g., Traversa et al., 2003] . Two-arguably three-dyke provinces can be identified based on strike directions. If these strike differences are of tectonic origin, the crustal coherence of Sardinia as a single block, which has been proven valid since the Jurassic [Kirscher et al., 2011] , can no longer be maintained for pre-Jurassic times. This opens the possibility-explored in this paper-that these dykes were variably rotated shortly after emplacement and could represent evidence of Permian shearing between Laurasia and Gondwana.
The aim of this study is therefore to investigate whether the different strike directions of Sardinian dykes are of primary or secondary origin in order to quantify internal rotations within Sardinia and their implications for the inferred Pangea megashear system.
Geological Setting and Geochronological Data
Until the opening of the Gulf of Lyon during the Oligocene, the Corsica-Sardinia microplate was part of the southern margin of the European Variscides composed of metamorphic rocks of Early Cambrian to Early Carboniferous age that were deformed during the collision between Gondwana and Laurasia, as well as a late orogenic magmatic complex emplaced during a Late Carboniferous-Permian extensional phase [Cortesogno et al., 1998; Funedda and Oggiano, 2009] .
According to Carmignani et al. [1978 Carmignani et al. [ , 1994b , the Variscan belt of Sardinia is arranged in three tectonometamorphic zones: (i) an Inner Zone in the NE, which is highly deformed by medium to high-grade metamorphic events, (ii) a tectonic Nappe Zone in south-eastern and central Sardinia, characterized by greenschist metamorphism, and (iii) a Foreland Zone in the SW, characterized by very low-grade metamorphism.
Collisional deformation and crustal thickening in the shortened orogenic wedge were succeeded by tectonic inversion and extension associated with plutonism, high temperature/low pressure (HT/LP) metamorphism, exhumation of deep tectonic units, and the development of Late Carboniferous-Permian basins . The emplacement of the Corsica-Sardinia Batholith was associated with this late orogenic tectono-metamorphic evolution [Poli et al., 1989; Carmignani et al., 1994b; Paquette et al., 2003; Cocherie et al., 2005; Casini et al., 2012] . Different mechanisms responsible for the observed postcollisional extension and tectonic unroofing have been discussed by Conti et al. [1999] . These include: (i) gravitational adjustment of an unstable orogenic wedge [Platt, 1986] , (ii) slab breakoff [Davies and von Blanckenburg, 1995] , and (iii) convective removal of mantle lithosphere [Platt and England, 1994] . All these models maintain high surface elevation during Geochemistry, Geophysics, Geosystems extension and should be accompanied by the formation of thick molasse basins, which, however, are lacking in the sedimentary record of Sardinia [Conti et al., 1999] . In any case, the progressive development of an extensional-transtensional regime is likely to have favored magma ascent and the subsequent intrusion of the Late Paleozoic dyke complexes [Gaggero et al., 2007] .
Dyke ages have been reported to vary from Late Carboniferous in the south to Early Triassic in the north [Baldelli et al., 1985; Vaccaro et al., 1991; Traversa and Vaccaro, 1992; Traversa et al., 2003; Atzori et al., 2000; Gaggero et al., 2007] . After an overall evaluation of the available geochronological ages, we follow Vaccaro et al. [1991] who show the existence of two main age windows of dyke intrusion based on Rb/Sr analyses of 14 whole-rock samples and nine micas as well as 6 Ar/Ar analyses on hornblende, muscovite, and K-feldspar crystals. The resulting uncertainty of the Rb/Sr ratio is 1.5%, as determined from reproducibility tests. These analyses show that (i) in south-eastern and central-eastern Sardinia, peraluminous and high initial Sr (Sr i ) calcalkaline dykes intruded from 298 6 5 to 289 6 4 Ma, while (ii) further to the north (Gallura), dyke evolution ranged from peraluminous between 282 6 4 and 268 6 4 Ma, to low Sr i calcalkaline at 270 6 10 Ma. [1986] and Atzori et al. [2000] presented complementary geochronological data of dykes from central and eastern Sardinia. Their Rb/Sr ages obtained on biotite whole-rock pairs span from 291 6 3 to 271 6 3 Ma, in broad agreement with Vaccaro et al. [1991] .
Atzori and Traversa
Structurally, we identified three different dyke provinces based on predominant strike directions. These are (i) the northern part of Sardinia, where most of the dykes strike NE-SW, (ii) the central-eastern part of Sardinia, where dykes strike preferentially NW-SE, and (iii) the south-eastern part of Sardinia, which is dominated by NNW-SSE striking dykes (Figure 2 ).
We sampled 13 dykes within these regions (Table 1) . Four dykes were sampled in south-eastern Sardinia (CAG, CAS, MUR, and VIL; Table 1 ). These dykes belong to the older peraluminous suite dated from 298 6 5 to 289 6 4 Ma [Vaccaro et al., 1991] . Six dykes were sampled in the central-eastern part of Sardinia along the Gulf of Orosei (ARB, GAI, ILB, LOC, LAN, and BLA; Table 1 ). These dykes as well as the three dykes sampled at sites LUR, LAR, and BER in northern Sardinia (Table 1) consist of calc-alkaline, high-K low-Si andesites, and peraluminous ultra-acid rhyolites dated by Atzori et al. [2000] from 291 6 3 to 271 6 3 Ma.
Field and Laboratory Methods
All samples were taken using a gasoline-powered, water-cooled drill, and oriented using a standard magnetic compass. Subsequently, samples were cut into standard 11 cc cylindrical specimens. All samples were studied in the paleomagnetic laboratory of the University of Munich. The majority of the specimens was thermally demagnetized using a Schoenstedt furnace adopting increments of 30 C up to maximum temperatures of 690 C. Demagnetization measurements using alternating field (AF) demagnetization were also carried out using steps of 5 mT up to a maximum field of 90 mT. The AF demagnetization experiments were carried out using the automatically operated system running in the paleomagnetic laboratory of the University of Munich [Wack and Gilder, 2012] . The results of the AF experiments support the data obtained by thermal demagnetization ( Figure 3 ). After each heating step or increase in alternating field strength, the natural remanent magnetization was measured with a 2 G Enterprises Superconducting Quantum Interference Device (SQUID) cryogenic magnetometer located in a magnetically shielded room. Rock-magnetic parameters were determined using a variable field translation balance [Kr asa et al., 2007] (Figure 4 ). Demagnetization results were plotted on orthogonal vector diagrams [Zijderveld, 1967] and analyzed using the least square method [Kirschvink, 1980] on linear portions of the demagnetization paths defined by at least four consecutive demagnetization steps. The linear fits were anchored to the origin of the demagnetization axes where appropriate.
Each dyke is represented by one sampling site comprising between a minimum of 6 and a maximum of 42 measured samples, for a total of 13 sites and 243 samples (Table 1) . Site mean directions were calculated using the paleomagnetic software of Maier [1998] , and were used to calculate regional mean directions according to geographic distribution. This results in three regional mean directions for northern, centraleastern, and south-eastern Sardinia, based on three, six, and four site mean directions, respectively (Table 1 ).
The sampling strategy in this study was designed to average out paleosecular variation (PSV) as completely as possible. To ensure the recording of sufficient cooling time, samples were taken from different positions 
Rock-Magnetic Data
Rock-magnetic analyses include hysteresis measurements, isothermal remanent magnetization (IRM) acquisition in fields up to 700 mT, backfield magnetization for the definition of the coercivity of remanence, and, finally, in-field heating (up to 700 C) and cooling cycles (hereafter, referred to as thermomagnetic measurements) in order to estimate the Curie temperatures of the magnetic minerals (either using the method described by Moskowitz [1981] or the second derivative of the heating curves as displayed in Figure 4d ), as well as to identify possible mineralogical transformations that occurred during heating. The hysteresis loops and the thermomagnetic curves were corrected for diamagnetic and/or paramagnetic contributions [Leonhardt, 2006] .
The rock-magnetic analyses on samples from site LAR in the northeastern dyke province indicate the presence of magnetite as the main carrier of the magnetic remanence: the hysteresis curves and the IRM acquisition curve display saturation below 200 mT (Figures 4a and 4b) , and the thermomagnetic heating curve (Figure 4c ) shows a Curie temperature of 584 C (calculated after Moskowitz [1981] ). Magnetite with an estimated Curie temperature of 589 C is also present in samples from sites LAN and ARB from the centraleastern dyke province (Figures 4e-4j ). Samples from site MUR located in the south-eastern dyke province show IRM acquisition curves that saturate at around 375 mT, while the thermomagnetic curves show a twostep decrease in magnetization intensity at 390 C, which could be attributed to titanomagnetite, and at 580 C, indicating that magnetite is the main carrier of the magnetic remanence in these samples ( Figures   4k-4m ).
Paleomagnetic Data
After removal of a viscous magnetic overprint at 50 C, low temperature ( These LT overprint components are followed by characteristic high temperature (HT) remanent magnetization (ChRM) component directions, as will be described in the following paragraphs for the various sampled regions.
Northern Sardinia
The three dykes sampled in northern Sardinia (LUR, LAR, BER; Figure 2 ) yielded a total of 52 measured samples, 35 of which gave interpretable paleomagnetic results. After removal of the low temperature presentday field overprint (see above and Figure 6 ), high temperature component directions pointing E-SE with shallow positive or negative inclinations were identified and used to calculate site mean directions, which were then averaged to calculate a regional mean direction for northern Sardinia of Dec 5 133.1 E, Inc 5 21.2 (N 5 3, k 5 68.7, a 95 5 15.0 ; Figure 5 and Table 1 ). We note that two samples from site LAR show NW and up-pointing high temperature component directions, which clearly deviate from the shallow E-SE overall mean direction from northern Sardinia (Figure 3 ). These component directions of dubious origin were excluded from further calculations.
Central-Eastern Sardinia
The six dykes sampled in central-eastern Sardinia (ARB, GAI, ILB, LOC, LAN, and BLA; Figure 2 ) yielded a total of 89 measured samples, 59 of which gave useful results. As for the northern Sardinia samples, a low temperature present-day field overprint was removed up to 200 2 250 C ( Figure 6 ) in about one third of the samples. At higher temperatures, HT component directions have been identified and used to calculate site mean directions pointing E with positive and negative inclinations ranging from 218.4 to 14.0 ( Figure 3) ; these site mean directions were then averaged to calculate a regional mean direction for central Sardinia of Dec 5 91.9 E, Inc 5 24.8 (N 5 6, k 5 25.3, a 95 5 13.6 ; Figure 5 and Table 1 ). The large scatter of site mean inclinations could be due to postemplacement tilting of some dykes, e.g., dyke LAN, which has a strike direction different from the average direction of dykes in this area. Given, Geochemistry, Geophysics, Geosystems . From the site mean directions, regional mean directions were calculated for northern, central-eastern, and south-eastern Sardinia, which are also plotted with 95% confidence circles.
Geochemistry, Geophysics, Geosystems

10.1002/2014GC005325
AUBELE ET AL.
V C 2014. American Geophysical Union. All Rights Reserved.
South-Eastern Sardinia
The four dykes sampled in southeastern Sardinia (CAG, CAS, MUR, and VIL; Figure 2 ) yielded of a total of 102 measured samples, 75 of which gave useful results. After removal of the present-day field overprint (Figure 6 ), HT component directions were isolated (Figure 3 ) and again averaged to calculate site mean directions pointing E-NE with positive and negative inclinations ranging from 241.8 to 6.1 and a regional mean direction for southeastern Sardinia of Dec 5 80.0 E, Inc 5 220.6 (N 5 4, k 5 15.4, a 95 5 24.2 ; Figure 5 and Table 1 ).
We note that samples from site CAS show quite steeply dipping magnetic component directions with negative inclinations on the order of 40 2 50 . This might be the result of undetected local tilt of the sampled dyke. However, since the strike direction of dyke CAS is in broad agreement with the overall striking of dykes in south-eastern Sardinia, and since its mean magnetic component declination of 77.1 is statistically indistinguishable from the mean declinations of the other sites in south-eastern Sardinia, we are confident that the sampled dyke was not rotated independently, and we therefore include it in the calculation of the overall mean direction of south-eastern Sardina.
Data Summary and Comparison With Data From the Literature
The ChRM component directions found in the sampled dykes show shallow (negative or positive) inclinations and easterly or south-easterly declinations ( Figure 5 ). We note that two sites in south-eastern Sardinia give rather high inclinations of 241.8 (CAS) and 229.5 (VIL). However, data from these sites have been retained because rock-magnetic and paleomagnetic measurements provide no reason to discard them. Consequently, the regional mean direction for the south-eastern sites displays a large limit of 95% confidence (24.2 ) compared to the regional means of sites from northern and central-eastern Sardinia.
The data presented here for northern Sardinia (mean Dec 5 133.1 E, Inc 5 21.2 ) are similar to the mean direction of Dec 5 132.7 E, Inc 5 21.6 obtained by Vigliotti et al. [1990] from 11 Upper Paleozoic dykes outcropping in northern Sardinia, as well as to data obtained by Edel et al. [1981] from ignimbrites outcropping in NW Sardinia (Nurra) (mean Dec 5 126.0 E, Inc 5 21.0 ), and dated at 296 6 9 Ma using K-Ar on biotite crystals. Our data from northern Sardinia are also consistent with data of Vigliotti et al. [1990] , who conducted paleomagnetic analyses on 12 Upper Paleozoic dykes in southern Corsica, and concluded that southern Corsica and northern Sardinia behaved as a single crustal block with a mean paleomagnetic direction of Dec 5 133.7 E, Inc 5 26.5 .
Our regional mean directions for central-eastern and south-eastern Sardinia of Dec 5 91.9 E, Inc 5 24.8
and Dec 5 80.0 E, Inc 5 220.6 , respectively, are broadly similar to the mean direction of Dec 5 85.0 E, Inc 5 27.0 obtained by Edel et al. [1981] on 28 ignimbrite and andesite sites from south-eastern Sardinia dated to 310-280 Ma using different K-Ar clocks [Edel et al., 1981] .
From the analysis illustrated above, it appears that significant relative rotations occurred between northern Sardinia-southern Corsica and central-eastern Sardinia, while minor rotations occurred between centraleastern Sardinia and south-eastern Sardinia.
Data Interpretation
From the distribution of site mean virtual geomagnetic poles, a paleomagnetic pole was determined for each of the three investigated dyke provinces (Table 1 ). These paleomagnetic poles were then restored to European coordinates using rotation parameters of Gattacceca et al. (Table 1) .
To assess the relative amount of rotational displacement of crustal blocks, the restored poles have been compared to the apparent polar wander path (APWP) of Baltica . Inspection of Figure 7 reveals that the poles from this study as well as those of Edel et al. [1981] and Vigliotti et al. [1990] are strung out along a small circle band cutting the 250-280 Ma segment of the APWP of Baltica, in broad agreement with the mean ages of dyke emplacement [Vaccaro et al., 1991; Atzori et al., 2000; Gaggero et al., 2007] . A single Euler pole of rotation, calculated as the pole to the small circle best fitting the paleomagnetic poles, can account for the differential block rotations observed; this Euler pole lies in Sardinia at latitude 5 40.3 N, longitude 5 8.9 E (Figure 7 , small polygon). The apparent discrepancy between the older dyke poles and the younger APWP segment onto which they seem to converge could be due to uncertainties associated with radiometric dating of the dykes as well as potential errors in the Baltica APWP arising from the timeaveraging of paleopoles that are not always sufficiently well dated. Alternatively, this apparent discrepancy could be due to (undetected) block tilting after dykes emplacement. In any case, we are confident that our analysis supports the successful isolation of primary magnetic component directions in the studied dykes, and also the assumption that the number of sites/samples used to calculate the mean paleomagnetic poles is sufficient to average out secular variations of the Earth's field at the time of dykes cooling (see section 3). Geochemistry, Geophysics, Geosystems south-eastern Sardinia. After rotation, the declinations coincide and the dyke provinces show better alignment (Figure 8 ). This indicates continuity of the tensional regime across large parts of the Corsica-SardiniaBatholith during the emplacement of the dyke swarm and a coherent stretching direction. An earlier study by Gattacceca et al. [2004] suggests a NW-SE oriented stretching direction during dyke intrusion (N140 E in present day coordinates), which is coherent with the overall strike of dykes observed in our reconstruction.
Discussion
The observed rotations confirm and further substantiate previous paleomagnetic analyses from Permian and Geochemistry, Geophysics, Geosystems [Zattin et al., 2008] , Alpine tectonics that started roughly during the Late Cretaceous [Carmignani et al., 1994a; Rosenbaum et al., 2002] or transcurrent tectonics in the Cenozoic [Carmignani et al., 1994a; Pasci, 1997; Oggiano et al., 2009] . Moreover, Cenozoic subduction rollback tectonics cannot be held responsible for the observed rotations or the curvature of the Gulf of Orosei as proposed by Helbing et al. [2006a Helbing et al. [ , 2006b ] based on the paleomagnetic data of Kirscher et al. [2011] documenting the internal coherence of Sardinia in post-Jurassic times. This opens the possibility that the observed rotations could have occurred during the Permian after the Variscan coalescence of Gondwana and Laurasia.
The block rotations documented in this study are reminiscent of block rotations previously observed in Permian and Triassic sediments and volcanic rocks from the Toulon-Cuers basin of SE France [Aubele et al., 2012] , which was located along the European margin immediately to the west of Sardinia in Permian times. Similarly to what is observed in this study, the latitudes of the Early to Middle Permian paleopoles from Toulon-Cuers agree well with the corresponding segment of the APWP of Baltica (Europe), whereas the longitudes are strung out along a small circle segment, indicating relative rotations between the sampled regions and stable Europe. The Triassic poles, instead, plot close to the Triassic segment of the European APWP and provide a strong constraint on the age of the observed rotations, which is likely late Early-Middle Permian. To the west of Toulon-Cuers, a very similar timing of block rotations was observed in the Lodè ve, Brive, and Saint-Affrique basins of the French Massif Central where Early Permian rocks show rotated paleomagnetic vectors while Late Permian rocks have not been affected by rotations [Merabet and Guillaume, 1988; Cogn e et al., 1990 Cogn e et al., , 1993 Diego-Orozco and Henry, 1998; Henry et al., 1999; Diego-Orozco et al., 2002; Chen et al., 2006] . In addition, paleomagnetic data from the Maures-Est erel massif located immediately to the east of the study area in SE France suggest a large clockwise block rotation during the late Early to Middle Permian [Edel, 2000] .
Conclusions
Paleomagnetic data collected over large parts of the western Mediterranean Variscides seem to indicate the existence of an intra-Pangea belt of tectonic blocks straddling from the Massif Central to southern France and Corsica-Sardinia characterized by complex and differential block rotations that may have largely occurred in post-Early Permian and pre-Early Triassic times. The timing of the transformation from Irving's Pangea B [Irving, 1977] to a Wegenerian Pangea A configuration broadly agrees with the timing of block rotation documented in this and previous studies. This postulated transformation occurred essentially during the Middle Permian from an Early Permian Pangea B to a Late Permian Pangea A [Muttoni et al., 1996 [Muttoni et al., , 2003 [Muttoni et al., , 2009 . The Middle Permian, therefore, seems to coincide with a period of major intra-Pangea plate reorganization associated with magmatic activity as suggested by several authors [e.g., Deroin and Bonin, 2003; Isozaki, 2009] .
We have previously illustrated [Aubele et al., 2012] that the simple two-dimensional model developed by McKenzie and Jackson [1983] can explain the existence of differential (clockwise and counter-clockwise) rotations of crustal blocks within a zone of distributed deformation imposed by the relative motion of the bounding plates. Accordingly, we suggest that the various crustal blocks of Sardinia-Corsica and SE France were rotated by variable amounts and sense as they were trapped within a diffuse shear zone between Laurasia and Gondwana [e.g., Arthaud and Matte, 1977] active during the Permian. In this scenario, an assumed dextral shear between Laurasia and Gondwana would lead to systematic clockwise or counterclockwise rotations about vertical axes of crustal blocks of variable shape and dimension located within the Geochemistry, Geophysics, Geosystems shear zone. We speculate that the large-scale rotations of fault-bounded blocks observed in the Permian dykes of Sardinia, as well as in Permian series elsewhere in Europe, may have been induced by post-Variscan intra-Pangea wrenching and shearing occurring during Pangea instability and transformation (see Muttoni et al. [2003] , Aubele et al. [2012] , and Domeier et al. [2012] for a detailed discussion on the Pangea debate).
Our working hypothesis of continental-scale shearing between Laurasia and Gondwana occurring as a consequence of Pangea transformation during the Permian will benefit from future studies from other dyke provinces potentially caught in the shear zone, e.g., in Calabria (Sila Grande) and Catalonia.
